Spontaneous intestinal perforations in extremely premature infants are associated with glucocorticoid-induced thinning of the ileal bowel wall. We have previously demonstrated that insulin-like growth factor-1 (IGF-1) is abundant within the submucosa of the newborn mouse ileum but is diminished by glucocorticoid exposure, concomitant with bowel wall thinning. These findings prompted us to hypothesize that IGF-I governs submucosal growth during neonatal gut development and that diminished IGF-I abundance results in submucosal thinning. Heterozygous IGF-I knockout, wild type and homozygous IGF-I over-expresser newborn mice were euthanized at 3 d of life. Additionally, wild type newborn mice received daily dexamethasone (DEX) (1g/gm/d) or vehicle control on days of life 1 and 2 and were also euthanized at 3 d of life. Their ileums were harvested, fixed and the resulting sections were processed in parallel for IGF-I immunohistochemistry and morphometric measurements of submucosal thickness and bowel diameter. Immunolocalization of IGF-I in each genotype was also compared with that seen in DEX-treated and control mice euthanized at the same time of life. IGF-I heterozygous knockouts had diminished submucosal IGF-I immunolocalization (similar to that seen in DEX-treated newborn mice) whereas homozygous IGF-I over-expressers exceeded that seen within wild type mice. IGF-I genotype and submucosal abundance was positively correlated with ileal submucosal thickness. DEX treatment of newborn mice diminished IGF-I and caused significant thinning of the submucosa compared with controls. Submucosal growth and thickness in the neonatal mouse ileum is governed by IGF-I and is diminished by dexamethasone treatment. Focal or spontaneous intestinal perforation in the extremely low birth weight infant is an emerging disease that was not commonly seen before the introduction of surfactant therapy. Today, now that the age of gestational viability has been significantly lowered, 4% to 5% of infants born weighing less than 1000 g will develop a sterile ileal perforation in the first week of life and twice that many will perforate if exposed to higher doses of glucocorticoids in the perinatal period (1). This disease causes significant morbidity and mortality in the neonate due to the subsequent development of peritonitis. Spontaneous perforations also represent a disturbing conundrum in neonatology, i.e. that effective therapies for prevalent developmental diseases (like respiratory distress syndrome) will likely result in the emergence of new and equally morbid diseases in the rescued survivors. In some cases, preexisting adjunct therapies can actually facilitate the genesis of such diseases.
Focal or spontaneous intestinal perforation in the extremely low birth weight infant is an emerging disease that was not commonly seen before the introduction of surfactant therapy. Today, now that the age of gestational viability has been significantly lowered, 4% to 5% of infants born weighing less than 1000 g will develop a sterile ileal perforation in the first week of life and twice that many will perforate if exposed to higher doses of glucocorticoids in the perinatal period (1) . This disease causes significant morbidity and mortality in the neonate due to the subsequent development of peritonitis. Spontaneous perforations also represent a disturbing conundrum in neonatology, i.e. that effective therapies for prevalent developmental diseases (like respiratory distress syndrome) will likely result in the emergence of new and equally morbid diseases in the rescued survivors. In some cases, preexisting adjunct therapies can actually facilitate the genesis of such diseases.
For example, several prominent clinical studies have demonstrated a relationship between perinatal dexamethasone treatment and spontaneous intestinal perforations (2) (3) (4) . Histologic studies of perforated ileal tissue demonstrate a skewing of tissue development such that the mucosa is hypertrophied, the lumen is dilated and the bowel wall is thinned (2) . These findings are consistent with a steroid-induced perturbation, since glucocorticoids are known to mediate mucosal maturation during weaning and to induce catabolism within the mesenchymal tissues of the intestine during prolonged exposure (5) (6) (7) . These events suggest that the combination of lumen dilation and bowel wall thinning creates a vulnerability to perforation within the immature ileum of the extremely low birth weight infant (2, 8) .
We have previously used a newborn mouse model (where dexamethasone treatment recapitulates the histologic findings in extremely low birth weight infants) to better understand the mechanisms by which steroids perturb development in the neonatal ileum (9) . Results from these experiments suggest that IGF-I is an important mediator of glucocorticoid effect in the neonatal ileum. In brief, dexamethasone treatment was associated with a redistribution of IGF-I from the submucosa and lamina propria to epithelial cells within the distal villus, paralleling the observed trophic changes associated with perforation (2) .
In this study, we compared the submucosal thickness of neonatal mouse ileums in heterozygous IGF-I knockout (because homozygous progeny have poor viability), wild type, and homozygous IGF-I over-expressing transgenic mice to examine the relationships between IGF-I abundance and submucosal thickness. Parallel measurements were also performed in dexamethasone-treated and vehicle-control treated mice. Our goal was to test the hypothesis that submucosal growth and thickness is dependent on IGF-I availability in the neonatal mouse. Our findings support the supposition that steroid-induced paucity of submucosal IGF-I results in bowel wall thinning within the neonatal ileum.
MATERIALS AND METHODS

Mice.
Animal protocols used for this study were approved by the Institutional Animal Care and Use Committee at the University of Virginia. Four mice from each transgenic condition and 8 dexamethasone-treated and 8 vehicle-control mice were used for morphologic measurement and immunohistochemistry. Transgenic mice were weighed on the day of birth and daily thereafter until euthanasia.
Dexamethasone treatment paradigm. Newborn littermate, wild type mice received dexamethasone (1g/gm/d) or vehicle control by intraperitoneal injection on days of life one and two and then were euthanized on the third day of life (in parallel with the euthanasia times for IGF-I knockout and IGF-I overexpresser mice). This dose of dexamethasone approximates that used in one of the early clinical trials of prophylactic dexamethasone to prevent chronic lung disease (which resulted in a 17% perforation rate within treated extremely low birth weight infants and prompted the human safety committee to intervene) (3). The chosen treatment period (72 h) is the earliest time at which optimal IGF-I depletion within the submucosa is evident within dexamethasone-treated newborn mice (unpublished data). Terminal ileums were dissected and processed for immunohistochemistry and morphometric analysis.
IGF-I heterozygous knockout mice. Heterozygous female IGF-I knockout mice were obtained from Dr. Argiris Efstratiadis (Department of Genetics and Development, Columbia University, NY, NY) and bred with agouti wild type males to generate heterozygous IGF-I knockout newborns for this study ( Fig. 2A) (10) . The heterozygous animals were selected by weight phenotype, euthanized at 72 h of life and their ileums harvested for immunohistochemistry and morphometric analysis. Heterozygous progeny were used because the homozygous knockout condition is commonly lethal in the newborn period and survivors tend to be stressed and less well nourished (making them unsuitable for our experimental paradigm).
IGF-I homozygous over-expresser mice. Hemizygous female human-IGF-I over-expresser mice, with expression driven by the metallothionein promoter, were obtained from Dr. Joe D'Ercole (courtesy of Dr. Kay Lund's colony, University of North Carolina, Department of Pediatrics, Division of Endocrinology, Chapel Hill, NC) and bred with agouti wild type males to generate hemizygous males (see Fig. 2B for breeding and phenotype strategy) (11, 12) . The genotype of the second generation was confirmed by comparison with first generation hemizygous females (as positive controls) and known wild types (as negative controls) using PCR detection of the human IGF-I transgene with the following primers and parameters:
5' oligo ϭ 5'-GGACCGGAGACGCTCTGCGG 3' 3' oligo ϭ 5' GCGGTGGCATGTCACTCTTC 3' 1st cycle: 95°for 45 s; 55°for 2 min; 72°for 5 min. Cycles 2-31: 95°for 30 s; 55°for 90 s; 72°for 2 min. The P-53 gene was used as a control, confirming equivalent RNA loading between lanes and conditions.
Males from the second generation were bred with first generation females to yield homozygous human IGF-I overexpresser newborns for this study (Fig. 2B) . These animals were selected by weight phenotype as previously described (13) , euthanized at 3 d of life and their ileums were harvested for immunohistochemistry and morphometric analysis. 
508
Wild type mice. Agouti wild type males were bred with IGF-I heterozygous knockout females resulting in 50% wild type and 50% IGF-I heterozygous progeny ( Fig. 2A) . Wild types were discerned from IGF-I knockouts by weight phenotype, euthanized at 3 d of life and their ileums harvested for immunohistochemistry and morphometric analysis.
Weight phenotype prediction of newborn mouse IGF-I genotype. Heterozygous IGF-I knockout, wild type and IGF-I homozygous over-expressers were selected by weight phenotype (examples shown in Fig. 1A and B). To determine whether phenotypic selections within individual litters would reflect true genotypic differences across litters (which might be confounded by litter-specific variances in nurture, timing of weighing or background), weights at euthanasia for each IGF-I category were averaged and compared by analysis of variance. The four mice with euthanasia weights closest to the cohort mean for each of the three phenotypes were then selected for further analysis and genotype confirmation.
Western blot confirmation of genotype using newborn mouse serum. Western blot analysis was performed to confirm differences in serum IGF-I abundance across genotypes. Whole blood was isolated from euthanized newborn mice after decapitation by catching cervical artery blood in a centrifuge tube. These samples were centrifuged for 10 min at 13,000 revolutions per minute two consecutive times and 2.5 L of each resulting supernatant was used for 20% PAGE, as described by 
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Laemmli (14) . IGF-I mouse antibody (originally created by Dr. Judd Van Wyk) was obtained from the Developmental Studies Hybridoma Bank -developed under auspices of the NICHD (product # sm1.2, University of Iowa, Department of Biologic Sciences, IA City, IA, U.S.A.) and used for immunoblotting. Secondary antibody, biotin-avidin amplification and alkaline phosphatase visualization of IGF-I was performed using a commercially available kit from R&D Systems (Minneapolis, MN, U.S.A.). Ponceau S staining was performed on each blot to demonstrate similarity in protein load across lanes and samples.
Immunohistochemistry. Terminal ileum was fixed in 10% buffered formalin, cryoprotected in a 30% sucrose gradient overnight, as previously described by Keller et al. (15) , and cut into 5 m sections by cryostat. Alternatively, terminal ileum from dexamethasone-treated and control mice was fixed in 10% buffered formalin, embedded in paraffin and sectioned into 5 m sections by microtome. Sections from each IGF-I genotype were paired on the same slide, such that IGF-I knockouts, wild types and IGF-I over-expressers were processed in parallel for IGF-I immunohistochemistry to allow direct comparison. Likewise, dexamethasone-treated and vehicle-control ileal sections were paired on the same slide, deparaffinized with xylene and re-hydrated using decreasing ethanol concentrations to a final solution of distilled water.
Immunohistochemistry was performed for IGF-I as previously described (9) . Briefly, endogenous peroxidase activity was quenched in 3% H 2 O 2 and 60% methanol for 15 min., followed by 3 washes of distilled water and application of blocking solution (1% wt/vol BSA in TBS [0.05 M Tris-HCl, 0.138 M NaCl, 0.0027 M KCl, pH 8.0]) for 1 h at room temperature. This was followed by a one-hour incubation with mouse anti-IGF-I primary antibody (Developmental Studies Hybridoma Bank, IA City, IA, U.S.A.). Primary antibody was washed off with TBS ϫ 3 and secondary antibody (biotinylated anti-mouse antibody [Vector Labs, Burlingame, CA, U.S.A.]) was placed on the slides for 1 h. ABC-HRP (Vector Labs) was prepared and applied per the manufacturer's instructions, washed as above and visualized with peroxidase substrate solution (Vector Labs). The reaction was terminated after 5 min by aspiration of the substrate solution and washing in distilled water for 10 min. at room temperature. The sections were counterstained with hematoxylin and cover-slipped.
Digital photomicroscopy. Digital images of photomicrographs were obtained using a PixCell II laser dissection microscope (Arcturus Engineering, Mountain View CA, U.S.A.). These images were taken in parallel with a micrometer image using the same magnification and saved in Adobe Photoshop (Adobe Systems Inc., San Jose, CA. U.S.A.). The resulting images were laid out in sequence within Adobe Illustrator (Adobe Systems Inc.) and printed along with the micrometer for the purpose of morphologic measurements.
Morphologic measurements: submucosal thickness. Submucosal thickness was measured using 20X micrographs encompassing approximately one fourth of the tissue in each cross section. Measurements were made between the lowest basal margin of epithelial cells within the invaginations of the mucosa (these represent the emerging epithelial cell zones of proliferation at this point in development) and the highest myocytes within the circumferential smooth muscle. These measurements were taken at every mucosal invagination within the digital image and averaged for each transgenic and treatment condition to provide a quantitative comparison of submucosal thickness.
Lumen circumference. Because we have previously shown that cross section circumference is negatively correlated with tissue thickness in the bowel wall, we estimated the lumen circumference using previously described methodology to assure that there was no confounding effect upon submucosal thickness (9) . In brief, 10ϫ digital photomicrographs of ileal cross sections stained with hematoxylin were used to calculate the approximate lumen circumference in the following manner. First, these images were printed in parallel with an image of a micrometer taken from the same lens. Secondly, a line was drawn such that it bisected the lumen equally and was the maximal possible distance from the inner aspect of the circumferential muscularis layer on one side to the same point on the opposite side (thereby drawing it in parallel with any possible skewing of the tissue during sectioning). This first line was then bisected by a second line at a 90°angle, which also was drawn to the closest inner edge of the muscularis. The second line was then used as the radius, with the distance measured according to the units of the micrometer, since it traverses the distance from the exact middle of the first line to the edge of the muscularis. This value was then multiplied by 2 times pi to calculate the circumference. The resulting values were averaged for each genotype to investigate potential differences and possible confounding effects upon the submucosal thickness.
Muscularis thickness. Muscularis thickness in transgenic animals was measured using 20X photomicrographs encompassing approximately one fourth of the tissue in each cross section. Measurements across the muscularis were made at the point beneath each invagination of the mucosa (using a printed digital image as outlined during methods for measuring submucosal thickness) to provide exact parity between submucosal and muscularis thickness measurements. The values were averaged within each transgenic condition, thereby providing a quantitative comparison of muscularis thickness.
Statistics. Means and standard deviations were calculated for each of the measurements used to compare and contrast the three transgenic conditions. Comparisons between these conditions were made using one-way analysis of variance tests, such that each condition was tested for significant difference between each of the transgenic conditions using SigmaStat software (SPSS, Chicago, IL, U.S.A.). Comparisons between dexamethasone-treated and control animals were assessed by a student t test. Significance was defined as p Յ 0.05.
RESULTS
Weights at time of euthanasia are significantly different between wild types and transgenic mice with contrasting IGF-I genotypes. IGF-I heterozygous knockouts and IGF-I homozygous over-expressers had significantly different weights at time of euthanasia from wild types and were also significantly different from each other, supporting the suppo-510 sition of real differences associated with genotype (Fig. 1) . Mean weight at euthanasia for knockouts (n ϭ 7) was 1.16 Ϯ 0.06g, wild types (n ϭ 11) was 1.30 Ϯ 0.04 g and overexpressers (n ϭ 6) was 1.57 Ϯ 0.07 g. These results suggest that weight may be a reliable means to assess IGF phenotype in the neonatal mouse.
Confirmation of the human IGF-I transgene in 2nd generation over-expresser mice and breeding of homozygous progeny. Although phenotype selection by weight has been reported to be reliable with both transgenic strains used in this study, we found it more difficult to distinguish wild types from hemizygous IGF-I over-expresser mice during the newborn period (13). Because we had planned to breed to homozygosity, the genotypes of hemizygous 2nd generation males were verified by PCR (Fig. 2C) . There is a greater h-IGF-I DNA abundance in the hemizygous mice than in controls while the relative equality in DNA loading concentrations is demonstrated by P-53 controls below. This strategy allowed 1st generation -2nd generation pairings and yielded homozygous phenotypes in a fourth of the resulting progeny.
Serum IGF-I protein abundance correlates with IGF-I gene dosage. Western blot analysis demonstrates that serum IGF-I protein increased with increasing IGF-I gene abundance. Comparing serum samples at the time of euthanasia, IGF-I was undetectable in KO's, minimally detected in wild types and reliably detected in OE's (Fig. 2Di) . Ponceau S staining displayed comparable protein load across lanes and samples as a control (Fig. 2Dii) . We note that the shape of the band of IGF-I was consistently warped to a "barbell" like configuration, which was likely due to over-riding plasma proteins.
IGF-I abundance is decreased in the ileal submucosa by dexamethasone treatment in newborn mice. IGF-I immunohistochemistry of the three day-old mouse ileums showed a qualitative reduction in labeling within the submucosa of dexamethasone-treated subjects when compared with littermate controls (Fig. 3A and B) . However, staining of IGF-I within the epithelial cell cytoplasm was increased in the dexamethasonetreated ileal sections when compared with controls (not shown).
Submucosal thickness is decreased in dexamethasonetreated mice. Measurements of submucosal thickness from dexamethasone-treated mouse ileums were significantly thinner than those of littermate controls (p Ͻ 0.01) (Fig. 3C) . The mean ileal submucosal thickness and standard deviations from dexamethasone-treated mice (n ϭ 8 mice and 34 measurements) was 6.49 Ϯ 3.57 m with a mean submucosal thickness of 16.7 Ϯ 5.64 m in controls (n ϭ 8 mice and 44 measurements). These findings support our hypothesis that steroid treatment results in thinning of the ileal submucosa in the newborn period.
IGF-I immunolocalization in the submucosa of the ileum positively correlates with IGF-I genotype. Immunolocalization of IGF-I in fixed, frozen sections revealed three distinctly different patterns of localization between heterozygous IGF-I knockout, wild type and homozygous IGF-I over-expresser mice. Heterozygous IGF-I knockouts showed little or no IGF-I localization in any of the tissues associated with the bowel wall (Fig. 4A) , which was comparable to IGF-I localization seen in dexamethasone-treated animals (Fig. 3B) . Wild types showed submucosal staining similar to that seen in mice that received intraperitoneal injections of saline vehicle (Fig. 4B versus Fig.  3A) , such that staining was intense within the submucosa but minimal or absent in surrounding tissue layers. Homozygous IGF-I over-expressers showed increased submucosal staining in comparison to wild types, although this increase appeared to be more secondary to an increase in submucosal thickness rather than an increase in staining intensity (Fig. 4C) . 
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Submucosal thickness in the ileum of newborn mice positively correlates with each IGF-I genotype. Measurements of submucosal thickness showed significant differences between each of the IGF-I genotypes (p Ͻ 0.05). The mean submucosal thickness with standard deviations for knockouts (n ϭ 4 mice and 15 measurements) was 7.98 Ϯ 3.16 m, wild types (n ϭ 4 mice and 17 measurements) was 12.00 Ϯ 3.89 m and over-expressers (n ϭ 4 and 18 measurements) was 18.20 Ϯ 5.25 m. Heterozygous IGF-I knockout mice had significantly thinner submucosa when compared with wild types, whereas homozygous IGF-I over-expressers were significantly thicker when compared with wild types (Fig. 5A ). Because we have previously shown that ileal circumference alters the thickness of bowel wall tissues (9), we also measured the circumference from these same tissue sections to investigate this possibility between the three IGF-I genotypes. The mean ileal circumference for knockouts was 1660.24 Ϯ 193.88 m, wild types was 1904 Ϯ 419.35 m and over-expressers was 1627.52 Ϯ 268.64 m. No significant difference was seen between the three conditions (Fig. 5B) . Taken together, these findings suggest that increasing IGF-I genotype (and the resulting IGF-I abundance within the submucosa) governs submucosal growth and thickness in the newborn mouse ileum.
Muscularis thickness in the ileum of newborn mice is increased in homozygous IGF-I over-expressers. Measurements of muscularis thickness showed a varied response to IGF-I genotype. Heterozygous IGF-I knockout mice did not have a significant difference from that of wild types (9.39 Ϯ 2.16 m versus 8.96 Ϯ 2.21 m respectively). However, homozygous IGF-I over-expressers had a significantly thicker muscularis when compared with wild types (8.96 Ϯ 2.21 m (Fig. 5C ). These findings suggest that smooth muscle growth within the neonatal ileum can be augmented by IGF-I but that IGF-I may be less crucial for maintenance of smooth muscle mass during this period of development.
DISCUSSION
Our findings in this study support the hypothesis that dexamethasone-induced thinning of the bowel wall is secondary to diminished IGF-I abundance within the submucosa of the neonatal ileum. Both heterozygous IGF-I knockout and homozygous IGF-I over-expresser newborn mice demonstrate altered submucosal IGF-I abundance and growth (measured by thickness) at 3 d of life. Within this time period, IGF-I paucity in the submucosa correlated with a thinner submucosa (both in the heterozygous IGF-I knockouts and in dexamethasonetreated animals), whereas IGF-I over-expression resulted in a thicker submucosa. This relatively short window of development may have profound relevance to the structural integrity of the ileal bowel wall, since the submucosal tissue layer has the greatest tensile strength.
Because the submucosa is highly vascularized and is presumably in equilibrium with total body serum, it could be that systemic changes in IGF-I availability (as seen during comparisons between IGF-I knockout and IGF-I over-expresser mice) drive the observed changes in IGF-I abundance within the submucosa (16) . Glucocorticoids are known to reduce serum concentrations of IGF-I in human neonates and we have shown in previous work that they reduce submucosal IGF-I immunolocalization in newborn mice (9, 16) . In this study, we also demonstrate that dexamethasone treatment significantly thins the submucosa. Taken together, these findings suggest that submucosal IGF-I abundance is proportional to the total serum IGF-I concentration and that both measures are responsive to glucocorticoids during this period of development.
Diminished IGF-I abundance does not appear to cause ileal muscularis thinning during the first three days of life. We have previously demonstrated that ileal muscularis thickness is inversely proportional to lumen diameter (9) . In this study, we found no thinning of the muscularis in heterozygous IGF-I knockout mice (which had comparable lumen diameters to that of wild type mice). In contrast, we did see significant thickening of the muscularis in homozygous IGF-I over-expresser mice. These findings suggest that gut smooth muscle myocytes are responsive to IGF-I (a phenomenon well documented in cell culture) (17, 18) but are less dependent upon IGF-I for baseline growth in vivo during the neonatal period.
Our data confirm that IGF-I governs ileal submucosal growth and thickness in the neonatal period and that this specific aspect of gut development is dramatically perturbed by exogenous glucocorticoids. These findings have direct relevance to an emerging neonatal disease known as spontaneous intestinal perforation and demonstrate a mechanism by which glucocorticoids likely perturb ileal development in the extremely low birth weight infant. Perhaps more important, the newborn mouse model is proving to be a valuable model for investigating the interplay between the adrenal-corticosteroid axis and tissue-specific effects of growth factors (9, 19) . Understanding this endocrine-to-paracrine balance will be essential as we confront the medical challenges associated with increasing gastrointestinal immaturity in the neonate.
